In the bacterial degradation of steroid compounds, the enzymes initiating the breakdown of the steroid rings are well known, while the reactions for degrading steroid side chains attached to C-17 are largely unknown. A recent in vitro analysis with Pseudomonas sp. strain Chol1 has shown that the degradation of the C 5 acyl side chain of the C 24 steroid compound cholate involves the C 22 intermediate 7␣,12␣-dihydroxy-3-oxopregna-1,4-diene-20S-carbaldehyde (DHOPDCA) with a terminal aldehyde group. In the present study, candidate genes with plausible functions in the formation and degradation of this aldehyde were identified. All deletion mutants were defective in growth with cholate but could transform it into dead-end metabolites. A mutant with a deletion of the shy gene, encoding a putative enoyl coenzyme A (CoA) hydratase, accumulated the C 24 steroid (22E)-7␣,12␣-dihydroxy-3-oxochola-1,4,22-triene-24-oate (DHOCTO). Deletion of the sal gene, formerly annotated as the steroid ketothiolase gene skt, resulted in the accumulation of 7␣,12␣,22-trihydroxy-3-oxochola-1,4-diene-24-oate (THOCDO). In cell extracts of strain Chol1, THOCDO was converted into DHOPDCA in a coenzyme A-and ATP-dependent reaction. A sad deletion mutant accumulated DHOPDCA, and expression in Escherichia coli revealed that sad encodes an aldehyde dehydrogenase for oxidizing DHOPDCA to the corresponding acid 7␣,12␣-dihydroxy-3-oxopregna-1,4-diene-20-carboxylate (DHOPDC) with NAD ؉ as the electron acceptor. These results clearly show that the degradation of the acyl side chain of cholate proceeds via an aldolytic cleavage of an acetyl residue; they exclude a thiolytic cleavage for this reaction step. Based on these results and on sequence alignments with predicted aldolases from other bacteria, we conclude that the enzyme encoded by sal catalyzes this aldolytic cleavage.
B
acteria from different phylogenetic groups are able to transform steroid compounds or to use them as growth substrates. For more than 60 years, bacterial transformation of natural steroid molecules has played an essential role in the biotechnological production of steroid-based pharmaceuticals, such as cortisol derivatives or sex hormones (1) (2) (3) . Bacterial steroid metabolism is also very important for the degradation of synthetic steroid pharmaceuticals, which are thought to influence the fertility of animals and humans (4) .
Despite this relevance for biotechnology and environmental microbiology, knowledge about the physiology, genetics, and biochemistry of steroid-degrading bacteria is still very limited. To date, only one degradation pathway, the so-called 9,10-seco pathway, has been described in detail (5) (6) (7) (8) . The 9,10-seco pathway is characterized by the formation of androsta-⌬ 1,4 -diene-3,17-diones (ADDs) as central intermediates of steroid degradation. ADDs are formed by the oxidation of the steroidal A ring to the ⌬ 1,4 -3-keto structure (9) (10) (11) (12) and the degradation of the side chain attached to C-17. ADDs are further transformed by 9␣-hydroxylation, leading to an opening of the B ring and aromatization of the A ring (13, 14) ; in actinobacteria, 9␣-hydroxylation can precede the degradation of the steroid side chain (13, 15) . The resulting 9,10-seco-steroids are further degraded to acidic perhydroindane derivatives consisting of the former rings C and D (7, 16, 17) . While the reactions leading to the breakdown of the A and B rings are well characterized, the reactions involved in side chain degradation and in further degradation of the perhydroindane derivatives are still largely unknown.
We have studied the degradation of steroid side chains by investigating the reactions involved in the removal of the C 5 carboxylic side chain of the bile salt cholate (compound I in Fig. 1 ) with Pseudomonas sp. strain Chol1 as a model organism. Bile salts are surface-active steroid compounds that are produced and released by vertebrates to aid the digestion of lipophilic nutrients (18) (19) (20) ; in addition, bile salts can also act as pheromones in some aquatic vertebrates (21, 22) . The characterization of two transposon mutants of strain Chol1, which are unable to grow with cholate, showed that the degradation of the C 5 acyl side chain of cholate proceeds via the stepwise removal of an acetyl and a propionyl residue. The first mutant, strain G12, has a defect in the skt gene, encoding a putative thiolase of the SCP-x-type family; this mutant transforms cholate into two compounds with modified C 5 side chains as dead-end products, namely, (22E)-7␣,12␣-dihydroxy-3-oxochola-1,4,22-triene-24-oate (DHOCTO, the free acid of compound III), with a double bond between C-22 and C-23, and traces of 7␣,12␣,22-trihydroxy-3-oxochola-1,4-diene-24-oate (THOCDO, the free acid of compound IV), with a hydroxyl group at C-22 (23) . The second mutant, strain R1, has a defect in a gene encoding a putative acyl coenzyme A (acyl-CoA) dehydrogenase (ACAD); this mutant transforms cholate into a compound with a C 3 acyl side chain as a dead-end product, namely, 7␣,12␣-dihydroxy-3-oxopregna-1,4-diene-20-carboxylate (DHOPDC; compound VI) (24) . For detailed analysis of the reaction sequence of acyl side chain degradation, we used the dead-end products DHOCTO and DHOPDC as substrates for enzymes in extracts from cells of strain Chol1. With this approach, we were able to reconstitute the removal of the complete acyl side chain in vitro (25) . We found that with CoA, ATP, and NAD ϩ as cofactors, DHOCTO is completely transformed into 7␣,12␣-dihydroxy-androsta-1,4-diene-3,17-dione (12␣-DHADD; compound VIII) via the CoA ester of DHOPDC (compound VII). We found further that 12␣-DHADD is epimerized to 12␤-DHADD (compound IX) via a 12-keto intermediate. 12␤-DHADD is then further degraded to the seco steroid 3,7,12-trihydroxy-9,10-secoandrosta-1,3,5(10)-triene-9,17-dione (THSATD; compound X).
Further dissection of the reaction steps from DHOCTO to DHOPDC-CoA in vitro showed that upon NAD ϩ limitation, DHOCTO is completely transformed into 7␣,12␣-dihydroxy-3-oxopregna-1,4-diene-20S-carbaldehyde (20S-DHOPDCA; compound V), a compound with a shortened C 3 side chain and a terminal aldehyde group. This conversion is dependent on CoA and ATP, indicating that the CoA ester of DHOCTO (compound III) is involved. 20S-DHOPDCA (compound V) can then be oxidized to the corresponding acid DHOPDC (compound VI), which can be activated with CoA (25) . The reaction steps from DHOPDC-CoA (compound VII) to 12␣-DHADD (compound VIII) are still hypothetical but most probably proceed via the ACAD-catalyzed dehydrogenation of the C 3 acyl side chain, followed by its hydration at C-17 and aldolytic cleavage of propionylCoA from the D ring of the steroid skeleton (26, 27) .
The unusual formation of an aldehyde, in this case DHOPDCA (compound V), as an intermediate of the degradation of a carboxylic acid raised the hypothesis that the reaction sequence leading from DHOCTO to DHOPDC proceeds via the cleavage of an acetyl residue by an aldolytic rather than a thiolytic reaction, which would be expected in classical ␤-oxidation. The goal of our present study was to investigate this hypothesis with a genetic approach based on the recently published sequence of the genomic DNA of strain Chol1 (28) .
The putative first step in the degradation of DHOCTO-CoA (compound III) should be the hydration of the ⌬ 22 double bond, leading to the formation of THOCDO-CoA (compound IV). Thus, the first goal of this study was to identify the gene for the putative hydratase catalyzing this reaction. Identification of this gene might also provide a means of generating larger amounts of THOCDO, which could be used as a substrate for further analysis of the degradation pathway in vitro. THOCDO or its CoA ester would be a plausible substrate for aldolytic cleavage leading to the aldehyde DHOPDCA and acetyl-CoA. Because THOCDO is a compound VIII, 7␣,12␣-dihydroxy-androsta-1,4-diene-9,17-dione (12␣-DHADD); compound IX, 12␤-DHADD; compound X, 3,7,12-trihydroxy-9,10-secoandrosta-1,3,5(10)-triene-9,17-dione (THSATD). The following genes have been identified in strain Chol1: shy, coding for a steroid hydratase; sal, coding for a steroid aldolase (formerly annotated as skt [23] ); sad, coding for a steroid aldehyde dehydrogenase; and the ACAD gene, coding for an acyl-CoA dehydrogenase (24) . For legibility, only the most important reactants and cofactors are shown.
dead-end metabolite of the skt mutant strain G12, we had hypothesized that Skt may act as an aldolase rather than a thiolase (25) .
The further degradation of the aldehyde 20S-DHOPDCA (compound V) should proceed via its oxidation to DHOPDC (compound VI). While we detected a NAD ϩ -dependent aldehyde dehydrogenase activity in extracts of strain Chol1 cells, we do not know whether this is a specific activity or not. Thus, the second goal of this study was to identify a gene encoding an aldehyde dehydrogenase that could be responsible for the oxidation of DHOPDCA to DHOPDC. If a deletion of such a gene would affect the growth of strain Chol1 with cholate, this would be very strong evidence of an aldolytic pathway in the degradation of DHOCTO to DHOPDC.
Based on these goals, we initiated our study by searching for genes encoding enoyl-CoA hydratases and aldehyde dehydrogenases within a 79-kb gene cluster of strain Chol1 that harbors many genes with known and putative functions in steroid degradation (28) .
MATERIALS AND METHODS
Cultivation of bacteria. Pseudomonas sp. strain Chol1 and all its mutants were grown in the phosphate-buffered mineral medium MMChol as described previously (29) . Strain Chol1 was grown with 2 mM cholate, and deletion mutants, which were defective in growth with cholate, were grown with 12 mM succinate in the presence of 2 mM cholate. To obtain higher quantities of the respective dead-end metabolites, mutants were transferred to a second growth passage as described previously (25) . Escherichia coli strains DH5␣ and ST18 were grown in LB medium, in the latter case supplemented with 5-aminolevulinic acid (50 g ml Ϫ1 ), at 37°C. Strains harboring plasmid pUCP18 or pEX18Ap were grown in the presence of 100 g ml Ϫ1 carbenicillin (for Pseudomonas sp. strains) or 100 g ml Ϫ1 ampicillin (for E. coli strains). The transposon mutant strains G12 and R1 were grown in the presence of 10 g ml Ϫ1 kanamycin. Cloning techniques and construction of unmarked gene deletions. DNA was cloned, and plasmids were prepared, according to standard methods. Oligonucleotides were synthesized by Eurofins MWG Operon (Ebersberg, Germany). Genomic DNA of strain Chol1 was purified with Puregene tissue core kit B (Qiagen). For the construction of unmarked gene deletions, a splicing-by-overlap-extension (SOE) PCR-based procedure (30) was used.
For amplification of the up-and downstream flanking regions of the genes to be deleted, primer pairs A/B and C/D (sal; C211_11482), E/F and G/H (shy; C211_11487), and I/J and K/L (sad; C211_11282), described in Table 1 , were used for the first PCR with genomic DNA from strain Chol1. The resulting upstream and downstream fragments of the respective genes were purified (with a QIAquick PCR purification kit) and were used as the templates for the second overlapping PCR using primer pairs A/D, E/H, and I/L, respectively.
Plasmid construction, transformation, and conjugation. (32) . Positive clones were identified by colony PCR using primer pairs A/D, E/H, and I/L, respectively. The plasmids were mobilized into strain Chol1 by biparental mating with the respective plasmid harboring E. coli strain ST18, which is auxotrophic for 5-aminolevulinic acid (32) , as the donor. For this purpose, the strains were grown in LB medium at 30°C and 200 rpm. For the growth of plasmids harboring strain ST18, the medium was supplemented with 5-aminolevulinic acid and ampicillin. A total of 3 ϫ 10 9 cells of the recipient and 1 ϫ 10 9 cells of the donor were harvested by centrifugation at 8,000 ϫ g for 3 min, washed with 500 l of prewarmed LB medium, and finally resuspended in 50 l of LB medium. Donor and recipient were carefully mixed by pipetting and were spread onto sterile membrane filters (Durapore; 0.22 m GV; Millipore) that were placed on prewarmed LB plates. After incubation for 4 h at 30°C, the filters were transferred to a 12-ml plastic tube containing 2 ml of 0.9% NaCl. After vortexing, the cell suspensions were transferred to 2-ml plastic tubes, centrifuged at 8,000 ϫ g for 2 min, and resuspended in 600 l of 0.9% NaCl. The cell suspensions were serially diluted, and aliquots were spread onto LB plates containing 100 g ml Ϫ1 carbenicillin without additional 5-aminolevulinic acid. Markerless gene deletion by recombination was finally enforced by subsequent sacB counterselection as described previously (33) . For this purpose, cells were transferred to LB plates containing 7% sucrose. Deletion of the sal, shy, and sad genes was confirmed by PCR using primer pairs A/D, E/H, and I/L, respectively, with genomic DNA from the wild type as a control.
The mutant strains were complemented by amplifying the deleted sal, shy, or sad gene, including flanking regions, from genomic DNA of the wild type using primer pair M/N, O/P, or Q/R, respectively. After digestion with XbaI and HindIII, the amplicons were ligated into the corresponding site of the pUCP18 vector (34) , and the construct was transformed into E. coli strain DH5␣. Positive clones were selected by colony PCR using primer pairs M/N, O/P, and Q/R. Plasmids purified with the QIAprep spin miniprep kit were transformed into competent cells (35) of strain Chol1⌬sal, Chol1⌬shy, or Chol1⌬sad. Plasmid harboring clones were selected on MMChol plates containing ampicillin (100 g ml Ϫ1 ) with cholate as the only substrate.
HPLC. All steroid compounds were analyzed with a high-performance liquid chromatography (HPLC) system equipped with a UV/visible light diode array detector as described previously (29, 36) using a reversed-phase column (150 by 3 mm; Eurosphere II 100-5, C 18 H; Knauer). K-Na-phosphate buffer (10 mM; pH 7.1) (eluent A) and acetonitrile (eluent B) were used as eluents with a total flow rate of 0.4 ml min Ϫ1 . For purification of steroid compounds, a semipreparative reversed-phase column was used (250 by 8 mm; Eurosphere II, 100-5, C 18 H; Knauer) with a flow rate of 2 ml min Ϫ1 . For the detection and purification of cholate and its degradation intermediates, a gradient method was used starting with 20% eluent B for 2 min, rising to 70% eluent B within 9 min, and returning to 20% eluent B within 1 min, followed by an equilibration of 6 min. For improved separation of DHOCTO from ⌬ 1/4 -or ⌬ 1,4 -3-ketocholate, a gradient method was used starting with 20% eluent B for 2 min, rising to 34% eluent B within 9 min, and returning to 20% eluent B within 1 min, followed by an equilibration of 6 min. For analysis of the CoA activation assays, a gradient method was used, starting with 10% eluent B for 2 min, increasing to 56% eluent B within 23 min, and returning to 10% eluent B within 1 min, followed by an equilibration of 6 min. Purification of steroid compounds. Steroid compounds from culture supernatants were purified either by organic extraction with dichloromethane followed by semipreparative HPLC (24) using the HPLC gradient methods described above or by solid-phase extraction (25) . DHOPDC (compound VI) and DHOCTO (the free acid of compound III) were produced and purified as described previously from supernatants of the transposon mutant strains R1 and G12, respectively (25) . DHOCTO, THOCDO (the free acid of compound IV), and DHOPDCA (compound V) produced by the deletion mutant strains generated in this study were purified in the same way. For the production and purification of 12␤-DHADD (compound IX), strain Chol1 was grown anaerobically with nitrate as the electron acceptor as described previously (29) .
The purity of steroid compounds was assessed by HPLC analysis and mass spectrometry (MS), and concentrations of purified degradation intermediates were estimated by UV spectroscopy as described previously (25) . For growth experiments, DHOPDCA, DHOPDC, and 12␤-DHADD were supplied at final concentrations of approximately 0.5 mM.
Mass spectrometry. Mass spectra of purified compounds were obtained on an LXQ tandem MS (MS-MS) instrument (Thermo Scientific) using an electrospray in the negative or positive mode. The scan range was 50 to 1,300 Da. In the negative or positive mode of ionization, the needle voltage was set to 5,430 or 4,000 V, the capillary voltage to Ϫ7 or 2 V, the tube lens to Ϫ5.1 or 109.9 V, and the capillary temperature to 300 or 250°C, respectively.
Enzyme assays. Cell extracts of strain Chol1, the knockout mutant strains, and a plasmid harboring E. coli strain DH5␣ (pUCP18:: C211_11282 or pUCP18) were prepared as described previously (25) . For the preparation of E. coli cell extracts, overnight cultures grown in LB medium containing 100 g ml Ϫ1 ampicillin were used. All enzyme assays were performed at 30°C. Enzyme assays for carboxylate-CoA ligase activities contained 50 mM morpholinepropanesulfonic acid (MOPS) buffer (pH 7.8), 2 mM CoA, 2.5 mM ATP, 2.5 mM MgCl 2 , the cell extract (1 to 1.5 mg protein ml Ϫ1 ), and 200 to 300 M THOCDO (the free acid of compound IV). Assays for aldehyde dehydrogenase activity contained 50 mM MOPS buffer (pH 7.8), the cell extract (1 to 1.5 mg protein ml Ϫ1 ), and 200 to 300 M DHOPDCA (compound V). NAD ϩ or NADP ϩ was added to a final concentration of 1 mM. Samples were withdrawn immediately after the reactions were started and at defined time intervals thereafter and were subsequently analyzed by HPLC.
RESULTS
Identification of a candidate gene for the hydration of DHOCTO-CoA. Within the 79-kb steroid degradation gene cluster, we found a gene (C211_11487) encoding a putative enoylCoA hydratase that forms a putative operon with the skt gene (C211_11482), mentioned above. Sequence analysis of the predicted protein encoded by C211_11487 reveals a C-terminal hotdog-fold domain that is also present in a variety of enzymes, including R-specific enoyl-CoA hydratases as well as enoyl-CoA hydratases of the MaoC-like protein family (37, 38) . Additionally, the protein harbors an N-terminal DUF35/DUF35N domain that contains zinc ribbon structures as well as oligonucleotide/oligosaccharide-binding (OB) folds and has been proposed to bind to acyl-CoA moieties (39) . Orthologs of this putative operon were found in the genomes of two cholate-degrading members of the Proteobacteria as well, namely, Comamonas testosteroni strain KF-1 and Pseudoalteromonas haloplanktis strain TAC125 (Fig. 2) . The proteins encoded by the orthologous genes in strains KF-1 and TAC125 show 53% and 58% identities, respectively, to the gene product of C211_11487 (Fig. 3) and are predicted to act as acyl dehydratases. Based on the predicted function of C211_11487 and its vicinity to skt, we judged that this gene was a plausible target and constructed a deletion mutant.
Characterization of the deletion mutant strain Chol1⌬shy. A mutant strain with the C211_11487 gene deleted did not grow with cholate as the sole carbon source. The mutant grew with succinate in the presence of cholate (Fig. 4A) , and HPLC analysis of supernatants of these cultures showed that this strain accumulated DHOCTO (the free acid of compound III) along with ⌬ 1,4 -3-ketocholate (the free acid of compound II), tailing off from the DHOCTO peak, as well as ⌬ 1/4 -3-ketocholate. The identities of DHOCTO, ⌬ 1,4 -3-ketocholate, and ⌬ 1/4 -3-ketocholate were confirmed by coelution with a culture supernatant of the skt transposon mutant strain G12 (23) containing a mixture of all three compounds and by their respective UV spectra. When these cultures were transferred to a second growth passage, DHOCTO remained as the sole end product (Fig. 4B) 
, a finding confirmed by MS analysis of the purified compound revealing an ion ([M-H]
Ϫ ) with m/z ϭ 399.11 (C 24 H 32 O 5 ) (23). The deletion mutant strain grew with purified DHOPDC (compound VI) and 12␤-DHADD (compound IX) as the only carbon sources, and HPLC analysis showed that both compounds were completely degraded (data not shown). Growth with cholate was restored when an intact copy of C211_11487 was provided in trans on the pUCP18 vector (Fig.  4A) , and HPLC analysis revealed intermediary formation of DHOPDC and 12␤-DHADD in supernatants of the complemented strain (data not shown). These results clearly show that the C211_11487 gene encodes an enzyme that is essential for the degradation of DHOCTO. The fact that the corresponding mu- including a putative operon containing the sal (C211_11482; formerly designated skt) and shy (C211_11487) genes. Shown is a comparison of the genetic organization of this cluster to those of analogous clusters in the cholate-degrading bacteria Pseudoalteromonas haloplanktis strain TAC125 (GenBank accession no. CR954246.1) and Comamonas testosteroni strain KF-1 (GenBank accession no. AAUJ02000001.1). Light shading, genes orthologous to sal; dark shading, genes orthologous to shy. tant strain does not produce THOCDO (the free acid of compound IV) and the predicted function of the product constitute strong evidence that this gene encodes an enoyl-CoA hydratase catalyzing the conversion of DHOCTO into THOCDO by hydration of the ⌬ 22 double bond. Therefore, we named this gene shy, for steroid hydratase.
Expression of shy. THOCDO (the free acid of compound IV) would be a useful substrate for further elucidation of the reaction sequence of side chain degradation by using in vitro assays, but it is formed only in trace amounts by the skt mutant strain G12 (23) . Therefore, we tested whether overexpression of shy could be used for producing THOCDO in larger amounts. Additional expression of shy on the pUCP18 vector in the wild-type strain Chol1 had no influence on the formation of THOCDO during growth with cholate. HPLC analysis of supernatants from cultures of strain Chol1[pUCP18::shy] showed that the pattern of formation and the respective amounts of cholate degradation intermediates did not differ from those for strain Chol1 (data not shown).
In the next step, we tested whether overexpression of shy would lead to a higher level of THOCDO production in the skt mutant, which is able to produce THOCDO but is unable to degrade it. For this purpose, we constructed a chromosomal skt deletion mutant.
FIG 3
Alignment of the amino acid sequence of the putative steroid hydratase Shy (C211_11487) in Pseudomonas sp. strain Chol1 with the predicted acyl dehydratases encoded by PD3653 (53% identity) in Comamonas testosteroni strain KF-1 and by PSHAa0898 (58% identity) in Pseudoalteromonas haloplanktis strain TAC125. Alignment was performed using Clustal W2 software. Identical residues are indicated by asterisks, conserved residues by periods, and semiconserved residues by colons. This mutant has a phenotype similar to that of the transposon mutant strain G12 but does not require previous growth with DHADD for the induction of cholate transformation (23) . As expected, strain Chol1⌬skt was not able to grow with cholate alone but transformed it when grown with succinate in the presence of cholate. In supernatants of these cultures, a mixture of ⌬ (23) . After a second growth passage, the amounts of DHOCTO and THOCDO increased while the amounts of ⌬ 1,4 -3-ketocholate and ⌬ 1/4 -3-ketocholate in the culture supernatants decreased (data not shown).
When strain CHol1⌬skt[pUCP18::shy] was grown with succinate in the presence of cholate, the amounts of DHOCTO and THOCDO formed after the first and second growth passages were approximately twice those formed without the plasmid. Thus, culture supernatants of strain Chol1⌬skt[pUCP18::shy] were used to purify THOCDO (Fig. 5) .
Transformation of THOCDO in vitro. To investigate the fate of THOCDO (the free acid of compound IV) in vitro, we used desalted cell extracts of the wild-type strain Chol1 for CoA activation assays with THOCDO as the substrate. HPLC analysis of the results of these assays showed CoA-, ATP-, and cell extract-dependent consumption of THOCDO and the concomitant formation of DHOPDCA (compound V). In the absence of CoA or ATP, DHOPDCA was not formed (Fig. 6) . Although the CoA ester of THOCDO was never observed in our assays, these results strongly suggest that THOCDO-CoA (compound IV) is the precursor for the formation of DHOPDCA.
When desalted or nondesalted cell extracts of the deletion mutant strain Chol1⌬shy or Chol1⌬skt were used in THOCDO activation assays, the concentration of THOCDO did not decrease under any condition applied.
Identification of a candidate gene for the oxidation of DHOPDCA to DHOPDC. The oxidation of DHOPDCA (compound V) to DHOPDC (compound VI) should be catalyzed by an aldehyde dehydrogenase. Within the 79-kb steroid degradation gene cluster we identified a gene (C211_11282) coding for a putative aldehyde dehydrogenase. BLAST analysis of the protein product of C211_11282 revealed high similarity to predicted aldehyde dehydrogenases from known cholate-degrading bacteria, including Comamonas testosteroni strain KF-1 (58% similarity) and Pseudoalteromonas haloplanktis strain TAC125 (53% similarity) (Fig. 7) . Sequence analysis revealed the presence of conserved residues of a putative NAD(P) ϩ binding site within the protein product of C211_11282. Based on this information, we judged C211_11282 to be a plausible target and constructed a deletion mutant.
Characterization of the deletion mutant strain Chol1⌬sad. A mutant strain with the C211_11282 gene deleted showed a growth phenotype altered from that of the wild-type strain Chol1 when cholate was the only substrate used. The cultures showed extremely slow growth (Fig. 8A) , reaching a maximal optical density at 600 nm (OD 600 ) of approximately 0.3 after a prolonged incubation of about 48 h (data not shown). The mutant strain grew with succinate in the presence of cholate; after succinate depletion, the OD 600 dropped quickly, and the culture fluid became more viscous, indicating cell lysis (Fig. 8A) . HPLC analysis of supernatants from cultures grown with succinate in the presence of cholate revealed the accumulation of 20S-DHOPDCA (compound V) as the major end product of cholate transformation (Fig. 8B) (25) . A minor product eluting just after 20S-DHOPDCA was identified as the 20R diastereoisomer on the basis of its UV spectrum and chromatographic properties, and its formation could be due to a chemical transformation reaction as described previously (25) . Small amounts of DHOPDC (compound VI) were also detected in those culture supernatants. When the mutant strain was incubated with cholate as the only substrate, HPLC analysis revealed the formation of 20S-DHOP-DCA and 20R-DHOPDCA after 48 h. The deletion mutant grew with purified DHOPDC (compound VI) and 12␤-DHADD (compound IX) as the only carbon sources, and HPLC analysis showed that both compounds were completely degraded (data not shown). Growth of the deletion mutant strain with cholate was restored when an intact copy of C211_11282 was provided in trans on the pUCP18 vector (Fig. 8A) , and HPLC analysis revealed the intermediary formation of DHOPDC and 12␤-DHADD in supernatants of the complemented strain (data not shown).
To test whether 20S-DHOPDCA and 20R-DHOPDCA are intermediates of cholate degradation in vivo, a mixture of these two compounds was purified and was used as the substrate for growth experiments with strain Chol1 and the mutant strains Chol1⌬shy and Chol1⌬sal. All strains were able to utilize 20S-DHOPDCA as a growth substrate, and HPLC analysis revealed that it was depleted from the culture supernatants (data not shown). The amount of 20R-DHOPDCA also decreased in all cultures, but it dehydrogenases encoded by PD3690 (58% identity) in Comamonas testosteroni strain KF-1 and PSHAa2139 (53% identity) in Pseudoalteromonas haloplanktis strain TAC125. Alignment was performed using Clustal W2 software. Identical residues are indicated by asterisks, conserved residues by periods, and semiconserved residues by colons. was never depleted completely (data not shown). During growth, the downstream intermediates DHOPDC and 12␤-DHADD accumulated transiently in the culture supernatants.
In summary, these results clearly indicate that 20S-DHOPDCA (compound V) is a true intermediate in the metabolic pathway for cholate degradation and that the C211_11282 gene codes for an enzyme that is responsible for the degradation of this aldehyde. Therefore, this gene was named sad, for steroid aldehyde dehydrogenase.
Heterologous expression of sad and activity in vitro. To further confirm the activity of Sad in vitro, we expressed the gene in E. coli strain DH5␣ on plasmid pUCP18::sad and performed enzymatic tests with 20S-DHOPDCA (compound V) as the substrate. HPLC analysis of the results of these assays showed that 20S-DHOPDCA was readily oxidized to DHOPDC (compound VI) by desalted cell extracts with NAD ϩ as the electron acceptor (Fig. 9 ). When NADP ϩ was added as the electron acceptor, 20S-DHOP-DCA was still oxidized to DHOPDC, but the reaction rate was significantly lower than that with NAD ϩ (data not shown). In control experiments with cell extracts of the E. coli vector control, 20S-DHOPDCA was not degraded.
DISCUSSION
The deacetylation of the acyl side chains of steroid compounds generating C 22 steroids from C 24 steroids has been thought to proceed via a thiolytic reaction step, as in classical ␤-oxidation of fatty acids (5, 6, 8, 40) . In contrast, our recent finding that the degradation of the C 5 acyl side chain of the C 24 steroid compound cholate involves the formation of the C 22 aldehyde intermediate 20S-DHOPDCA (compound V in Fig. 1 ) in Pseudomonas sp. strain Chol1 suggested that this deacetylation proceeds via an aldolytic reaction step (25) . In the present study, we identified two genes in strain Chol1, shy and sad, that are required for the formation of 20S-DHOPDCA from the C 24 compound DHOCTO (the free acid of compound III) and for its further degradation to the C 22 compound DHOPDC (compound VI), respectively. To our knowledge, these are the first genes shown to encode an acyl-CoA hydratase and an aldehyde dehydrogenase with essential functions in the bacterial degradation of a steroid side chain. The characterization of the respective mutants provided compelling evidence that the removal of an acetyl residue from the acyl side chain of cholate proceeds via an aldolytic and not a ␤-ketothiolytic splitting of a carbon-carbon bond.
First, the sad deletion mutant showed strongly impaired growth with cholate and accumulated the aldehyde 20S-DHOPDCA (compound V) in the culture supernatant. Heterologous expression of Sad showed unambiguously that this enzyme functions as an aldehyde dehydrogenase catalyzing the NAD ϩ -dependent oxidation of 20S-DHOPDCA to DHOPDC (compound VI). If the degradation of DHOCTO to DHOPDC proceeded via a ␤-ketothiolytic reaction, the inactivation of the sad gene should not affect cholate degradation. Thus, the phenotype of the sad mutant and the activity of the encoded enzyme clearly show that the cleavage of an acetyl residue from the acyl side chain of DHOCTO proceeds via aldolytic cleavage. The fact that the sad deletion mutant showed very slow growth with cholate and formed traces of DHOPDC indicates that at least one further aldehyde dehydrogenase located in the genome of strain Chol1 could catalyze the oxidation of 20S-DHOPDCA to DHOPDC. However, the fact that 20S-DHOPDCA accumulated strongly during the growth of the sad deletion mutant with succinate in the presence of cholate clearly shows that the alternative aldehyde dehydrogenases cannot compensate for the loss of Sad, indicating that the alternative aldehyde dehydrogenases are not specific for 20S-DHOPDCA. In addition, the fact that 20R-DHOPDCA is not completely degraded in cultures of strain Chol1 growing with a mixture of both isomers shows that none of the available aldehyde dehydrogenases can oxidize this diastereomer. The rapid cell lysis in outgrown cultures of strain Chol1⌬sad accumulating DHOPDCA indicated that the aldehyde is toxic to the cells. No such strong cell lysis is observed with the ACAD mutant strain R1, which accumulates DHOPDC (24) . Thus, Sad also has a detoxifying function for strain Chol1 during growth with cholate.
Second, the shy deletion mutant could not grow with cholate and accumulated DHOCTO as a dead-end metabolite, indicating that Shy acts as a hydratase catalyzing the hydration of the ⌬ 22 double bond of DHOCTO-CoA (compound III), with THOCDO-CoA (compound IV) as a reaction product. In our in vitro assays, we had no indication that THOCDO (the free acid of compound IV) was converted into a C 22 keto-acyl-CoA steroid compound, which would be the required intermediate for the splitting of the carbon-carbon bond via thiolytic cleavage. This result is in agreement with the fact that no genes encoding putative ␤-hydroxyacyl-CoA dehydrogenases were identified in the 79-kb steroid degradation gene cluster (28) . Instead, THOCDO was readily converted into 20S-DHOPDCA in vitro in a CoA-and ATP-dependent reaction, suggesting that the CoA ester of THOCDO (compound IV) is the direct precursor of 20S-DHOPDCA (compound V). Such a conversion of a ␤-hydroxyacyl compound to an aldehyde is in full agreement with aldolytic cleavage of a carbon-carbon bond and, thus, strongly supports our hypothesis.
In accordance with our previous results with the transposon mutant strain G12 (23, 25) , the newly constructed skt deletion mutant strain also accumulated THOCDO as an end product of cholate transformation. This phenotype, combined with the new findings of the present study, strongly reinforces our previous hypothesis that this gene codes for an enzyme that catalyzes this postulated aldolytic cleavage. Therefore, we rename the C211_11482 gene sal, for steroid aldolase.
This assignment is strongly supported by alignments with other proteins with similarities to the SCP-x-type thiolase family. Genes for three further members of this family, namely, ltp3 and ltp4 from Rhodococcus rhodochrous (41) and ipfD from Sphingomonas sp. strain Ibu-2 (42), were recently revealed to be essential for the acyl side chain degradation of C-24 branched phytosterols and the phenylacetic acid ibuprofen, respectively. The respective substrates of Ltp3, Ltp4, and IpfD contain tertiary ␤-hydroxyl groups, which mechanistically preclude oxidation to the corresponding ␤-keto groups and subsequent thiolytic cleavage. This led to the conclusion that these enzymes catalyze aldolytic cleavage reactions (41) . Just like Sal, all three proteins lack the catalytically active N-terminal cysteine, which is highly conserved in catabolic thiolases (43) such as BbsB, which catalyzes a thiolytic cleavage reaction during anaerobic toluene degradation in the denitrifying bacterium Thauera aromatica strain K172 (44), or FadA in E. coli strain K-12 (Fig. 10) . Although THOCDO-CoA (compound IV), the putative substrate of Sal, contains a secondary ␤-hydroxyl group, our biochemical results and the sequence similarity to Ltp3, Ltp4, and IpfD strongly support the notion that Sal belongs to this proposed new group of SCP-x-type aldolases. Surprisingly, the sal deletion mutant accumulated mainly DHOCTO and only small amounts of THOCDO, even when Shy was expressed on a plasmid. In addition, THOCDO was not converted at all in cell extracts of the shy deletion mutant, despite the presence of a functional sal gene. A possible mechanistic explanation for these effects could be that Shy and Sal may require mutual protein-protein interactions for their full activity. This interaction may occur via the N-terminal DUF35/DUF35N domain of Shy, which is also present in the predicted proteins encoded by ipfE and bbsA in Sphingomonas sp. strain Ibu-2 and T. aromatica strain K172, respectively (42, 44) . Interestingly, in both cases, these proteins are thought to be required for the activity of the SCP-x-type enzyme (IbfD or BbsB).
Regarding the high similarity of Shy, Sal, and Sad to predicted proteins and regarding the similar genetic organization of shy and sal in Comamonas testosteroni strain KF-1 and Pseudoalteromonas haloplanktis strain TAC125, it is likely that the same reaction steps are used for the degradation of the acyl side chains in these cholate-degrading bacteria as well. To analyze the conversion of DHOCTO into DHOPDC in biochemical detail, we are working on the isolation of the enzymes involved from strain Chol1 for the reconstitution of these reaction steps in a completely defined system.
